An affinity membrane was prepared by immobilizing copper ions (Cu 2+ ) on chitosan (CS) and cellulose acetate (CA) blend hollow fibers, and the affinity membrane (denoted as CS/CA-Cu) was evaluated for its performance in the adsorption of a model protein, Bovine Serum Albumin (BSA). The analysis indicated that the amount of copper ions coupled on CS/CA-Cu reached around 3.9 mg per g-membrane. The experimental results showed that CS/CA-Cu achieved a high adsorption capacity of the 69 mg-BSA per g-membrane, under the typical solution condition of pH at 7.4 and ionic strength at 0.12 M, with the nonspecific adsorption being as low as less than 15%. The adsorption isotherm followed the Langmuir model and the adsorption kinetics exhibited both transport-limited and attachment-limited behaviors.
Introduction
Immobilized metal ion affinity membrane (IMAM) has been used increasingly as an effective means for bio-separations.
1-5 A major challenge in this technique is the preparation of the available IMAM from suitable polymeric membrane substrate. 6 The desired membrane substrate should have high hydrophilicity, microporous structure, narrow pore size distribution, high density of functional groups (such as -OH, -COOH, -SH, -NH 2 , -N + R 3 , -SO 3 À , etc.), good mechanical, chemical, and thermal stability. 7 The common practice in preparing IMAM is usually through surface modication of the commercially available membranes. Generally, four steps are involved in the preparation of an IMAM from those membrane substrates, including (1) preparation of the base membrane; (2) activation of the base membrane by introducing reactive groups (epoxy groups, hydroxyl groups or others); (3) coupling of metal ion ligand chelators and (4) immobilization of metal ion ligands on the membrane via chelators.
Research efforts have been made to prepare the substrate membranes from polymers with reactive functional groups, mostly from regenerated cellulose or cellulose derivatives. 8 This approach can eliminate the necessity for a second step in the common method, and thus simplify the preparation procedures. However, the major functional groups (usually -OH) in the cellulose related polymer substrates have only limited reactivity and they still require additional chelating agents to facilitate the coupling of the metal ion ligands. For example, glycidyl methacrylate (GMA) has been used to attach a chelator, iminodiacetic acid (IDA), to fabricate the copper coupled IMAM from cellulose acetate (CA) membrane.
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In the past 1-2 decades, chitosan (CS, poly-b-(1,4)-2-amino-2-deoxy-D-glucose), which is one of the most abundant polysaccharides on the earth, has attracted signicant research and application interest because of its non-toxic, biodegradable and highly biocompatible properties. CS is also abundant in the reactive functional group of -NH 2 that can be used as a possible metal ion ligand chelator. 10 However, due to the poor mechanical strength of CS, most studies have either coated CS on a base membrane 11, 12 or blended it with some matrix polymer, such as cellulose. 13, 14 The coated or blended materials have been found to exhibit enhanced adsorption capacity, 15 which was attributed to the large number of functional groups from CS, particularly the amino groups that can act as the active sites for the attachment or adsorption of transition metal ions as well as other organic compounds, such as dyes, and proteins. 16 Liu et al. reported the preparation of a blend hollow ber membrane from CS and CA, with CA as the matrix polymer and CS as the functional polymer. 17, 18 The prepared blend membranes were found to be highly hydrophilic and porous, have good mechanical strength, and can effectively adsorb transition metal ions, including copper ions. 19 In the literature, it was reported that copper(II) ions show effective antibacterial action, either alone or in the form of complexes. 9, 20 There are also a few reports on CS-modied CA membrane that exhibited antibacterial properties. In this study, an IMAM was prepared by immobilizing copper(II) ions as the metal ion ligand onto the CS/CA blend hollow ber membrane. The prepared IMAM (denoted as CS/CA-Cu) was examined for its amount of coupled copper ion ligand, the capacity of adsorption for a model protein (Bovine Serum Albumin, or BSA), and the extent of the specic and non-specic adsorption involved, as well as the utilization rate of the coupled copper ion ligand.
Materials and methods

Materials
CS was obtained from Aldrich, and was indicated as a low molecular weight product. The molecular weight (MW) and deacetylation degree of the CS were determined by GPC (Gel Permeation Chromatography) to be at 75 000 g mol À1 and by titration at 73.5%, respectively. 23 CA was purchased from Fluka and the acetyl content and MW were 40% and 37 000 g mol À1 according to the supplier, respectively. Formic acid (98-100 wt%) from Fluka was used as the co-solvent for dissolving both CS and CA together to prepare the blend hollow ber membrane. Copper sulphate (CuSO 4 $5H 2 O, Naealai Tesque Co., Tokyo) was used in the coupling of copper ion ligands on the prepared membrane. Bovine Serum Albumin (BSA), from Sigma and with MW of 67 kDa, was used to prepare the protein solution for the adsorption experiments. Other common chemicals as needed were purchased from various suppliers and used without further purication.
Preparation of CS/CA-Cu
The base CS/CA blend hollow ber membrane was prepared in a similar method described in detail in the literature. 19 The characteristic structure and morphology of the blend hollow ber membrane was obtained by scanning electron microscopy (SEM, JEOL JSM-5600, JEOL Ltd., Japan) or eld emission scanning electron microscopy (FESEM, JEOL JSM-6700F, JEOL Ltd., Japan). The dimensions of the prepared hollow ber membrane were also measured using the soware supplied with SEM/FESEM.
The CS/CA blend hollow ber membrane was then immobilized with copper ion ligands. To prepare the IMAM, a 4.4 g amount of the dry CS/CA was added to 200 mL of the copper sulphate solution with an initial concentration of 1 g L À1 (in terms of Cu 2+ ) and an initial pH of 5. The mixture in the ask was stirred on a magnetic stirrer at 150 rpm and room temperature (22-23 C) for 2 h to allow the Cu 2+ ions to react with the amine groups (-NH 2 ) of the CS/CA membrane to form complexes. The copper ion-coupled hollow ber membrane was washed thoroughly rst with DI water and then with 10 mM phosphate buffer solution (containing 0.12 M NaCl concentration and having pH ¼ 7.4). The nally obtained IMAM is denoted as CS/CA-Cu. The amount of copper ions coupled onto CS/CA-Cu was estimated by stripping it with 500 mL of 50 mM EDTA solution and then analyzing the concentration of copper ions in the stripping solution using an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, Perkin-Elmer Optima 3000DV).
Protein adsorption experiments
The adsorption of BSA on the porous hollow ber membranes (CS/CA-Cu or the control CS/CA) was conducted in batch mode. For the isotherm adsorption study, 1.1 g amount (dry weight) of the CS/CA-Cu or CS/CA was placed into a 50 mL of a BSA solution with an initial concentration in the range of 0.4 to 4 g L À1 .
The initial pH and NaCl concentration in all solutions were kept constant at 7.4 and 0.12 M, respectively. The adsorption mixture was shaken at 150 rpm and room temperature in a water bath shaker for 24 h to ensure the adsorption equilibrium being fully reached. The BSA concentrations in the solution before and aer the adsorption test were determined with a UV-Vis spectrometer at 278 nm. The adsorption amounts of BSA on the CS/ CA-Cu or CS/CA membrane were calculated by mass balance analysis (adsorption equilibrium data at two other specic pH values of 4.9 and 6.1 were also obtained under the similar test conditions to pH 7.4 described above).
The effects of the solution pH and ionic strength on BSA adsorption performance by CS/CA and CS/CA-Cu were also investigated. A 1.1 g sample (dry weight) of CS/CA-Cu or CS/CA was placed into a 50 mL BSA solution with an initial concentration of 2.5 g L À1 . For the effect of the solution pH, the pH in the solutions was adjusted to a range of 4.9-8.0 using different buffer solutions (10 mM NaAc/HAc for pH 4-6 and 10 mM NaH 2 PO 4 /Na 2 HPO 4 for pH [6] [7] [8] . Owing to the possibility of CS dissolution in acidic solutions and CA degradation under basic conditions, experiments for pH below 4 and above 8.0 were not conducted. For the effect of the ionic strength, the ionic concentration in the solutions was varied in the range of 0-1.8 M by adding sodium chloride (NaCl) to the solutions. The ionic strength in the experiments for the pH effect was xed at 0.12 M, and the pH in the experiments for examining the ionic strength effect was xed at 7.4. For the adsorption kinetic study, a 1.1 g amount (dry weight) of CS/CA-Cu was added to a ask containing 150 mL BSA solution at an initial concentration of 2.5 g L À1 . The solution pH was controlled at 7.4 and the ionic strength in the solution was set to 0.12 M. The mixture was shaken at 150 rpm in a water bath shaker at room temperature. At various desired time intervals, a 3 mL amount of the solution was sampled from the ask to determine the BSA concentration in the solution.
Results and discussion
Characteristics of CS/CA-Cu
The obtained CS/CA blend hollow ber membrane had an O.D. and I.D. of 1.13 and 0.67 mm, respectively (wall thickness at around 230 mm). The surface and cross-section morphologies of the hollow ber membrane are shown in Fig. 1 . The hollow ber membrane generally had a symmetric and spongy structure, and the cross-section was full of highly interconnected pores. This type of porous structure is in fact desirable for affinity membrane because it can provide high process ow rates at low operation pressures as well as large specic surface areas for high binding capacities. The blend hollow ber membrane had a relatively denser outer surface, compared to the more porous inner surface, but the pore size (about 70 nm) was large enough to allow the free passage of BSA molecules (<14 Â 4 Â 4 nm) into the internal binding sites of the membrane. The analyses showed that the hollow ber membrane had a porosity of 79.1%, a specic surface area of 14.1 m 2 g À1 , and a CS content of 12% by weight. The amount of metal ions coupled on the membrane can be one of the crucial factors affecting the capacity of protein adsorption on IMAMs. In this study, the amount of copper ions coupled on CS/CA-Cu blend hollow ber membrane was measured and determined to be 3.9 mg per g-membrane (or 32.5 mg Cu 2+ per g-CS). Clearly, from the experimental results in Fig. 2 , the amounts of BSA adsorbed on CS/CA-Cu were much greater than those on the control CS/CA, and the difference became more signicant when the initial BSA concentration in the solution was increased from 0.2 to 2.5 g L À1 .
The adsorption amounts appeared to approach a plateau with further increases in the BSA concentrations from 2.5 up to 4 g L À1 .
The maximum adsorption amount on CS/CA-Cu at the plateau level was about 60 mg-BSA per g-membrane (or 13.8 mg mL À1 ) in this case (see Fig. 2 ). Therefore, the specic binding of BSA on CS/CA-Cu (due to the metal ion ligand) can be deduced as 51 mg g À1 (or 11.7 mg mL À1 ). Hence it can be considered that at least 85% of the BSA adsorbed on CS/CA-Cu was through the specic binding with the immobilized copper ion ligands. This result of highly specic adsorption should not be surprising if one considers the possible formation of complexes between the numerous imidazole groups of BSA with the copper ion ligands on CS/CA-Cu. In the literature, a regenerated cellulose membrane immobilized with copper ions as the ligand was reported to have an adsorption amount of 6.25 mg mL À1 for BSA.
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Interestingly, the utilization of the coupled copper ions in this study appears to be much higher than that reported in the literature. The utilization of metal ion ligands has been dened as the amount of protein bond by per unit mass of metal ion ligand. 24 In this study, the copper ion utilization was calculated to be 15. or H 2 O) available for a coupled copper ion on CS/CA-Cu to bind BSA or other proteins. However, for mostly used multidentate chelators, such as iminodiacetic acid (IDA) and nitrilotriacetic acid (NTA) for IMAMs, they are known to provide 3 or 4 binding arms with a metal ion ligand. Therefore, a metal ion ligand on those IMAMs with the conventional chelators can probably have only 3 or 2 free binding sites for protein adsorption. This might explain the high utilization of copper ion ligands on CS/CA-Cu achieved in this study.
Effect of pH on BSA adsorption
In general, the adsorption of protein in immobilized metal ion affinity chromatography is usually governed by the coordination of the metal ion ligand on the IMAMs with the electron-donor atoms or groups exposed on the surface of the proteins to be separated. 27, 28 Hence, the pH of the liquid phase can have an effect on the binding capacity of IMAMs for protein. Fig. 3 shows the effects of solution pH on the adsorption uptake of BSA on CS/CA-Cu and CS/CA obtained from the experiments (ionic strength at 0.12 M NaCl). The amount of BSA adsorbed on the CS/CA base membrane decreased slightly with increasing pH. This may be expected because the electrostatic interaction between CS/CA and BSA molecules became less favorable when BSA was negatively charged at pH > 4.7 and the amine groups of CS shied from positively charged at pH < 6.3 to neutral or even negatively charged at pH > 6.3. However, the amount of BSA binding on CS/CA-Cu increased remarkably from 35 mg g À1 to 58 mg g À1 with the increase in solution pH from 4.9 to 6.5, and then stayed at a plateau level with further increases in pH. Therefore, it appears that the adsorption of BSA on CS/CA-Cu was favored under neutral conditions. This condition may be in fact desirable in practical protein separation processes as it can oen minimize the need for pH adjustment. The pH dependency of BSA binding onto CS/CA-Cu may be explained by the nature of the interactions between the copper ion ligands and the BSA molecules. The affinity interaction between copper ions (electron acceptors) and imidazole nitrogen (electron donors) of BSA would dominate the specic binding. The imidazole nitrogen (pK a ¼ 6.95) on BSA is protonated under acidic conditions. Hence, the adsorption uptake amount at pH 4.9 was low because of the weakened electron donor-acceptor interactions due to the existence of a strong electrostatic repulsion force that possibly hindered the approach of BSA to the copper ion ligands on CS/CA-Cu.
With increasing pH from 4.9 to 7, the imidazole nitrogen atoms became less protonated and thus the transport of BSA in solution to the copper ions of CS/CA-Cu was favored (due to lower electrostatic repulsion force). This has led to the observed increase in BSA adsorption on CS/CA-Cu with the increase in solution pH. However, with the further increase in the solution pH above 7, most imidazole nitrogen atoms were at their deprotonated state, which provided the most favorable condition for BSA adsorption on CS/CA-Cu. On the other hand, more OH-in the solution led to an increased number of OH-from the solution being coordinated with the copper ion ligands on CS/CA-Cu, which did not favor BSA binding uptake on CS/CA-Cu through affinity interaction. These two counteractions appeared to compensate for each other and the net adsorption amount was maintained at the plateau level in the pH range from 7 to 8.
Effect of ionic strength on BSA adsorption
The The adsorption uptake amounts of BSA on the control CS/CA membrane also decreased with increasing ionic strength. At an ionic strength of 0.3 M and above, the adsorption uptake amounts of BSA on CS/CA actually decreased to zero. If one Fig. 3 Effect of pH on BSA adsorption by CS/CA and CS/CA-Cu. takes the amount of BSA adsorbed on CS/CA as the indication of the nonspecic adsorption, the increase in ionic strength in the solution appears to effectively suppress or eliminate the nonspecic binding of BSA on the control CS/CA membrane and thus on CS/CA-Cu. Therefore, the decrease in BSA binding on CS/CA-Cu with increasing ionic strength may be due to two facts. First, the decrease in nonspecic adsorption (or electrostatic interaction) on the CS/CA substrate led to the decreased adsorption of BSA on CS/CA-Cu. On the other hand, the high NaCl concentration in solution would enhance the competition of the coordination sites of the copper ion ligands on CS/CA-Cu by the Cl À anions, which can reduce the extent of the electron donor-acceptor interaction between the copper ion ligands on CS/CA-Cu and the BSA molecules to be adsorbed. 29 Higher adsorption amounts at lower ionic strengths may be another process advantage for CS/CA-Cu as an IMAM because this makes it unnecessary, as in several other situations, to increase the ionic strength in the solution and enhance the adsorption performance.
Adsorption isotherms results
The two most common adsorption isotherm models are the Langmuir and Freundlich models, which can be given in the forms of eqn (1) and (2), respectively, as below.
where q e is the equilibrium adsorption amounts (mg g À1 ); q m is the maximum monolayer adsorption amount (mg g À1 ); b is the Langmuir adsorption equilibrium constant (mL mg À1 ); C e is the equilibrium concentration of adsorbate in solution (mg mL À1 ); 1/n is the Freundlich intensity parameter (dimensionless); and K f is Henry's law constant, (mg g À1 ) (mL mg À1 ) À1/n . The Langmuir isotherm model assumes that the adsorbed layer is one molecule in thickness, all adsorption sites have equal energies and enthalpies of adsorption, and no interactions exist between the adsorbed molecules. The Freundlich model is based on an assumption of adsorption on heterogeneous surfaces and also possibly in a multi-layer adsorption pattern.
29
Eqn (1) and (2) are used to t the experimental results in Fig. 2 and the tted results for the adsorption isotherm data of BSA on CS/CA-Cu are shown in Fig. 5 . Fitting analysis was conducted by applying the non-linear regression method for q e versus C e through Origin Soware 6.0. The parameter values determined from the tting analysis are given in Table 1 . It can be found that the Langmuir model ts the experimental data well; however, the Freundlich model is much less satisfactory. The results therefore indicate that BSA adsorption on CS/CA-Cu was dominated by chemical interaction and probably in a monolayer pattern. This is expected as, in the early discussion, 85% of the adsorbed BSA on CS/CA-Cu was deduced to be through specic binding (i.e., chemical interaction). BSA has an isoelectrical point at pH 4.9. Under the experimental condition of pH 7.4, BSA was negatively charged. Hence, multi-layer adsorption may be unlikely due to the electric repulsion between the adsorbed BSA and BSA in the solution to be further adsorbed. The maximum adsorption amount (q m ) and the adsorption equilibrium constant K obtained from the Langmuir model tting calculation were 66.35 mg g The adsorption isotherm data were also evaluated at two other pH values of 4.9 and 6.1; the results are shown in Fig. 6 . The parameter values obtained by the non-linear regression of eqn (1) and (2) to the experimental data are also included in Table 1 . Again, these results also showed that the Langmuir model had a better t to the experimental data than the 
Adsorption kinetic behaviour
The kinetic changes in the BSA concentrations in the bulk solution with adsorption time from a typical experiment are presented in Fig. 7 . The adsorption took about 10 h to reach equilibrium. Two processes may be involved in the adsorption of BSA on CS/CA-Cu: (a) the transport of BSA from the bulk solution to the surface of CS/CA-Cu and (b) the attachment of BSA on CS/CA-Cu. In the initial stage, the surface of CS/CA-Cu was relatively free of BSA and the BSA molecules that arrived at the surface of CS/CA-Cu may attach instantly to it. Hence, the adsorption rate may be dominated by the diffusion of BSA from the bulk solution to the surface of CS/CA-Cu in this case. Based on the Fickian diffusion law, the amount of adsorption by diffusion-controlled dynamics as a function of time may be given as follows:
where q t is the amount of BSA adsorbed per unit weight of the hollow bers (mg g À1 ) at time t (h), and k d is a system constant (mg (g t À0.5 ) À1 ). Eqn (3) indicates that under a diffusioncontrolled transport mechanism, q(t) versus t 0.5 would follow a linear relationship. Fig. 8a shows a plot of q(t) versus t 0.5 for the experimental results in Fig. 7 . A linear relationship of q(t) against t 0.5 is indeed observed in the initial period of time. The results suggest the existence and the importance of diffusion-controlled transport mechanisms in BSA adsorption on CS/CA-Cu, at least in the beginning of the process.
On the other hand, the adsorption rate may also be controlled by the attachment of BSA on CS/CA-Cu, particularly in the later stages when CS/CA-Cu may be gradually saturated with previously adsorbed BSA. For attachment controlled adsorption, the amount of adsorption may be given by the Lagergren model as follows: 
where q e , q t and t have the same denition as before, and K 1 is a constant. The plot of log(q e À q t ) vs. t in terms of eqn (4) for the experimental results shown in Fig. 7 is presented in Fig. 8b . An approximate linear relationship indicated in eqn (4) is observed for almost the entire adsorption process, suggesting that the attachment process was indeed very important in the adsorption kinetics of BSA on CS/CA-Cu, particularly when the kinetic study was conducted at a relatively high BSA concentration in this case.
Conclusion
The CS/CA blend hollow ber membrane can be used directly for the immobilization of metal ion ligands to prepare IMAM. The obtained CS/CA blend hollow ber membrane achieved an immobilized amount of copper ions of 3.9 mg g À1 membrane. The prepared CS/CA-Cu showed an adsorption capacity of 69 mg-BSA per g membrane at pH 7.4 and a NaCl concentration of 0.12 M under room temperature. At least 85% of the adsorbed BSA was probably through specic interactions by the copper ion ligands on CS/CA-Cu with the BSA molecules. The utilization of the coupled copper ion ligand reached as high as 15.4 mg-BSA per g-Cu 2+ . The adsorption isotherm was well described by the Langmuir isotherm model. The adsorption kinetics appeared to be affected by the transport-controlled mechanism in the initial stage but attachment-controlled mechanism throughout the entire process. In the pH range of 4.9-8.0 and ionic strength of 0.0-1.8 M examined, BSA adsorption on the prepared CS/CACu IMAM showed the best performance at around neutral pH values (6.5-8) and at low ionic strength (<0.09 M), attributed to the reduced repulsive electrostatic interaction or the reduced effect of competing anions, which favored the affinity interaction of BSA with the copper ion ligands. The study shows the potential prospects of using CS/CA hollow ber membrane to prepare IMAMs for protein separation. Further investigation will be done in the enhancement of the adsorption amount and in the establishment of the dynamic separation performance.
